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ABSTRACT 

Using a recently developed failure theory for transversely isotropic fiber composites, it is 
shown how the orientation of the failure surface can be determined for transverse tensiol; cnd 
compression. Experimental data on failure surface orientations have been obtained for four 
carbon fiber composite systems based on both thermoplastic and thermosetting matrix 
materials. Average compression failure planes for the diflerent composite materials were 
measured to range from 31° to 3 8 O  from the load axis. Reasonable agreement was obtained 
between these measured angles and those predicted from application of the new failure 
theory. 

Keywords: failure theories, failure surface prediction, transverse loading 

INTRODUCTION AND FAIL= FORMS 

Failure plane orientations comprise an important piece of information when examining the 
failure modes of materials. This is true of both isotropic materials and fiber reinforced materials, 
which are normally taken to be transversely isotropic, as will be done here. For both material 
types the theoretical basis of relevant failure criteria is a rather controversial topic, with many 
competing forms. It appears that failure mode types and failure surface orientations could and 
can be used to discriminate between the various forms. The present work proceeds along one such 
line. 

The particular fiber composite failure criterion to be considered here is the 5-parameter form 
given by Christensen [l]. The failure criterion is partitioned into fiber controlled failure modes 
and matrix controlled failure modes. First, recalling the matrix controlled form and then the fiber 
controlled form. 

Matrix controlled: 



where 

where Cartesian coordinate notation is used with axis 1 in the fiber direction, and three 
dimensional effects are considered. The 5 failure properties are the 1-D axial and transverse 
normal stress failure values and the longitudinal shear failure value: 0: , 0: , 0:, OFz, 0; 

Fiber controlled: 

where 

For applicational purposes forms (2) can be inserted in (1) and forms (4) into (3) to give the 
concise failure forms. 

Fiber controlled: 

Matrix controlled: 

where 



For 2-D plane stress conditions, take the out-of-plane stress components as vanishing 

Then from the 3-D fiber-controlled criterion (5) gives the reduced 2-D form: 

Fiber controlled: 

[L-l)oll +A-( 1 1  -+- JOllOZ 5 1  
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In the plane stress condition (but not necessarily in the 3-D case) it is common to have the 
In this transverse normal stress very small compared with the axial normal stress, o~~ << oil. 

case, (8) becomes the usual maximum stress criterion 

-ell I o,, I q1 (9)  

Still in the plane stress condition, the 3-D form (6) becomes the 2-D form. 

Matrix controlled: 

Forms ( 5 )  and (6) for 3-D conditions and (8) or (9) with (10) for 2-D plane stress conditions 
are among the very simplest forms for fiber composite failure criteria which have a theoretical 
and physical basis. 

The specific failure orientation problem of interest here is that of the failure surface for 
matrix controlled failure under transverse stress o ~ ~ ,  both in tensile and compressive states. In 
this case it will be advantageous to use the forms (1) and (2) rather than the simpler forms just 
given which would be the best forms for design applications. The present approach and the 
approach taken by Puck and colleagues [2] based upon the Coulomb-Mohr approach for isotropic 
materials appear to be the only fiber composite failure forms which have been investigated in this 
failure surface orientation context. It is quite interesting to pursue these failure mode 
characteristics because it provides a useful evaluation tool. 

FAILURE PLANE ORIENTATIONS 

In considering the possible orientations of the failure planes for fiber composites under 
transverse tension and compression, it is necessary here to start with appropriate failure criteria. 
Under transverse stress conditions, the failure characteristics are what are usually designated as 
matrix controlled or dominated, as opposed to fiber controlled, the latter of which relates t o  
stress in the fiber direction. Fiber composite failure criteria have been recently derived by 



Christensen [l] allowing a decomposition into both modes of possible failure behavior at the 
lamina level. Only the matrix controlled criterion is needed here and from (1) with the 
longitudinal shear stress taken as vanishing 

where a, and k, are given by (2). 
The transverse stresses at failure from (1 1) and (2) are given by 

CTZ2 = 2kl 
1 + 2a1 

C 0, = -2k1 

The associated flow rule will be taken as governing the nonlinear increments of "plastic" strain 
at failure, i.e., 

where (1 1) at failure is written as 

f (OF) = e 
Using (13) with f ( ) from (1 1) gives the increments of plastic strain as 

where A in (13) and (15) is a scalar factor. 
From this point onward, consider only the case of the single transverse normal stress 

Then all strain increments vanish except k:2 & &f3 in (15), repeated here as 



Using the stresses at failure (1 2) in (1 7) gives for 

Compression: 

and for 

Tension: 

-=l+a, G 2  

-=-l+a, G 3  

XI 

2 1  

Next we introduce the key hypothesis that permits the determination of the failure plane 
direction. Take the failure surface orientation such that the normal strain increment in the plane 
of the failure surface either vanishes, or if that is not possible, is a minimum, while the other two 
strain increments-shear and normal strain normal to the surfacelead to unbounded strains in 
the failure process, symptomatic of rupture. 

First consider the case of transverse compressive stress. Take a Mohr's circle representation 
for the strain increments &;2, &:3 (18), and &13, Fig. 1. Following the above stated failure plane 
orientation hypothesis, angle 8 in Fig. 1 is the angle from direction 2, the loading axis, to the 
failure plane having a vanishing 
orientation is as shown in Fig. 2. 

normal strain increment in the plane of the failuresurface. This 
From Fig. 1, failure angle 8 is given by 

, 
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Figure 1. Determination of transverse compression failure plane orientation. 

Now consider the transverse tension case. The strain increments are given by (19), Fig. 3. T h e  
failure plane angle 8 is given by 

e, = I COS-' (-a, ), a, 5 1  

8, =90", a, 2 1  
2 

For a, 5 1 the normal strain increment in the plane of the failure vanishes, as seen in Fig 3. 
However, when a, > 1 then the strain increment in the failure plane is given by &T3 which is a 
minimum, but does not vanish. 

2 

Figure 2. Orientation of failure plane. 
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Figure 3. Determination of transverse tensile failure plane orientation. 

These results from (20) and (21) are as shown in Fig. 4. The orientational characteristics of the 
failure plane are seen to change quite drastically at a, = 1. From (2) it is seen that 

This value of  la^ la^^ I is very close to the values commonly reported for graphite fiber- 
polymer matrix composites. Thus, according to (21) and Fig. 4 such composites' are right at the 
threshold of brittle behavior as characterized by a failure surface which is normal to the loading 
direction when in tension. Two other characteristics are also of importance. At a, = 0, where 

c 
Compression 

0 '  I I I I 

0.0 0.5 1.0 1.5 2.0 
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Figure 4. Predicted orientation of failure plane in tension and compression. 



the tensile and compressive failure stresses are of the same magnitudes, the failure angles from 
both (1 1) and (21) are given by 8 = +45”. This is the common failure angle associated with 
ductile failure under maximum shear stress. At the other extreme, a, += 00, corresponding to a 
very damaged material with negligible tensile failure stress, the failure angle 8 for compression 
(20), approaches an asymptote of 30”. 

For heavily damaged materials with a, >> 1, relations (19) show that under uniaxial tension 
the material tends to expand uniformly. That is, the nonlinear plastic strain increments are 
positive in the transverse direction and are almost as large as those in the direction of the applied 
stress. The material is effectively governed by dilatational behavior. 

COMPARISON WITH EXPERIMENTAL RESULTS 

The predictions of failure plane angles were compared with experimental results for two 
different carbon fiber composite materials. Both utilized AS4 carbon fiber, but one material had a 
ductile thermoplastic matrix (Ultem polyetherimide) and the other a relatively brittle matrix 
(350 1-6 untoughened epoxy). Tests were conducted at quasi-static rates using standard 
rectangular specimens for transverse tensile tests and a tapered-width specimen for compression 
tests. Only failures that occurred in the gage section were used to determine both the transverse 
strengths and the orientation of the failure surfaces. A summary of the test results is given in 
Table 1. The difference in ductility between the two materials is evident in the degree of disparity 
between the transverse strengths. As measured by the parametera,, the two materials are just 
above and below the threshold of brittle behavior (a, = 1). 

The agreement between experimental results and predictions is reasonable for compression, but 
all tensile failures were 90” even though prediction is less than this angle for the more ductile 
system. It is seen in Fig. 4 that the sensitivity of the tensile failure plane orientation to a, is 
high as it approaches the value one and small experimental errors could contribute to the 
discrepancy. Furthermore, the failure of a typical test coupon is unstable due to the release of 
significant stored energy in the material and testing equipment. A better comparison may be 
made using crossply laminates to determine the orientation of transverse microcracks, which are 
generated by a more stable fiacture process and this will be investigated in future work. 

Table 1. Experimental results for transverse tension and compression failure. 

Failure Plane Angles 
(deg.) Transverse Strengths 

a, 
Tension Compression (ksi) 

Material 

Tens. Compr. Pred. Meas. Pred. Meas. 
AS4Mtem 11.4 27.7 0.71 68 90 36 38 

~~~~ ~~ ~ 

AS413501-6 9.4 35.0 1.36 90 90 34 31 
(Zk4.7) 

* Standard deviation. 
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